CD133, a widely known cancer stem cell marker, has been proved to promote tumor metastasis. However, the mechanism by which CD133 regulates metastasis remains largely unknown. Here, we report that CD133 knockdown inhibits cancer cell migration, and CD133 overexpression promotes cell migration. CD133 expression is beneficial to activate the Src-focal adhesion kinase (FAK) signaling pathway. Further studies show that CD133 could interact with Src, and the region between amino acids 845 and 857 in the CD133 C-terminal domain is indispensable for its interaction with Src. The interaction activates Src to phosphorylate its substrate FAK and to promote cell migration. Likewise, a Src binding-deficient CD133 mutant loses the abilities to increase Src and FAK phosphorylation and to promote cell migration. Inhibition of Src activity by PP2, a known Src activity inhibitor, could block the activation of FAK phosphorylation and cell migration induced by CD133. In summary, our data suggest that activation of FAK by the interaction between CD133 and Src promotes cell migration, providing clues to understand the migratory mechanism of CD133 ؉ tumor cells.
Tumor metastasis is a process by which tumor cells detach from the primary tumor into the stroma and invade blood vessels. This is followed by a secondary tumor growth at a distant site (1) . This accounts for over 90% of lethality in cancer patients (2) . Increasing evidence indicates that there is a subset of tumor cells contributing to metastasis that has properties of cancer stem cells (3) . CD133, a pentaspan transmembrane glycoprotein, has rapidly gained clinical value with its wide use as a cancer stem cell marker (4 -13) . A series of studies have shown that CD133 could directly regulate tumorigenesis, cell self-renewal, and angiogenesis (14 -16) . Increasing evidence has also shown that CD133 is related to tumor metastasis in a variety of solid tumors (17) (18) (19) (20) . For instance, activation of AKT/protein kinase B (PKB) signal pathway promotes invasion and migration of CD133 ϩ cancer stem cells in brain cancer (21) . G protein-coupled receptor 87 was found to promote the growth and metastasis of CD133 ϩ cancer stem cells in hepatocellular carcinoma. CD133 expression is correlated with lymph node metastasis in pancreatic cancer (22, 23) . However, the mechanisms of CD133 regulating metastasis directly remain largely unknown.
In head and neck cancer, CD133 could regulate Src kinase activity. The CD133/Src axis mediates tumor-initiating property and epithelial mesenchymal transition (24) . Src is a member of the Src family of kinases, which is a non-receptor tyrosine kinase family (25, 26) . Src is highly expressed or highly activated in various human cancers (27) . For instance, Src is highly active in glioblastoma multiforme specimens, and it represents an effective target for CD133
ϩ glioblastoma multiforme stem cell migration (28) . Among the kinase substrates of Src, FAK 4 is an important mediator of tumor progressions and metastasis through the modulation of tumor cell migration and invasion (29) . FAK is a cytoplasmic protein-tyrosine kinase that is involved in extracellular matrix/integrin-mediated signaling pathways (30 -32) . Activation of FAK by integrin clustering leads to autophosphorylation at tyrosine (Tyr) residue 397, which is a binding site of Src family kinases (31, 33) . The recruitment of Src family kinases results in the phosphorylation and activation of FAK through the kinase activity of Src (34, 35) . The Src-FAK complex acts to recruit or to phosphorylate a number of signaling proteins that are involved in adhesion regulation and the invasive phenotype of cancer cells (36 -38) . However, the relationship between CD133 and Src-FAK signaling complex remains unclear.
In this study, we used the CD133-positive colorectal cancer cell line SW620 and CD133-negative HEK293T cell line to investigate the mechanism of CD133 regulating cell migration. In SW620 cells, CD133 knockdown reduced cell migration and phosphorylation of FAK under serum starvation condition. Ectopic expression of CD133 in HEK293T cells promoted cell migration and increased the phosphorylation level at FAK Tyr 925 dramatically. Furthermore, we provide evidence that CD133 promoted migration through its interaction with Src, which activated Src to phosphorylate its substrate FAK. Inhibition of Src by PP2 could block the change of FAK phosphorylation and cell migration induced by CD133 ectopic expression or CD133 knockdown. To the best of our knowledge, this is the first study to demonstrate that CD133 regulates cell migration through its binding to Src, therefore activating the Src-FAK signaling pathway.
Results

CD133 Promotes Cell Migration and Phosphorylation of FAK-
To determine the significance of CD133 in cell migration, we used lentivirus-based short hairpin RNA (shCD133) to knock down CD133 in the highly migratory cancer cell line SW620 (39, 40) . Considering that serum starvation is an important condition to stimulate cancer cell migration (41), we compared the migratory ability of SW620 cells infected with Lacz short hairpin RNA (shRNA) (control) or CD133 shRNA (CD133 knockdown) lentivirus under complete medium (with fetal bovine serum (FBS)) and serum starvation (without FBS) culture conditions. CD133 knockdown obviously reduced SW620 cell migration under serum starvation condition (Fig. 1,  A and B) . Increasing evidence reveals that CD133 could promote tumor cell proliferation (14) . To examine whether the increased migratory distance was due to cell proliferation induced by CD133, we detected the proliferative ability of SW620 cells with CD133 knockdown. We found that CD133 knockdown slightly reduced cell proliferation under complete medium but not under serum starvation culture condition (Fig.  1C) . Although HEK293T cells are nontumorigenic, it has been proved that CD133 expression could strength malignancy of HEK293T cells by inducing tumor-initiating properties (42) . HEK293T cells do not express CD133 endogenously. Thus, we ectopically expressed CD133 in HEK293T cells to investigate the role of CD133 in cell migration by a wound healing assay. Of note, the wound healing speed was significantly faster in cells overexpressing CD133 (Fig. 1D) . Thus, CD133 has a key role in tumor cell migration.
Among the metastasis-related signaling proteins, FAK is an important mediator of tumor progression and metastasis (43, 44) , and phosphorylation of FAK at Tyr 925 enhances cell migration and cell protrusion by activation of the p130 CAS /Dock180/ Rac1 signaling pathway (45) . In HEK293T cells, although CD133 overexpression did not change the expression of total FAK, FAK was highly phosphorylated at Tyr 925 in cells expressing exogenous CD133 (Fig. 1E) (Fig. 2B, lane 8) . In addition, the phosphorylation levels of FAK at Tyr 397 and Tyr 576/577 were also higher in the group containing CD133 and Src than in the group containing only Src (Fig. 2B, lanes 8 and 6) . Thus, we presume that CD133 promotes FAK phosphorylation through Src.
CD133 Interacts with Src-This finding motivated us to examine whether CD133 could interact with Src. CD133-StrepII was expressed in HEK293T cells, and co-immunoprecipitation (co-IP) was done with Strep-Tactin purification. Interaction between CD133 and Src was detected by Western blotting analysis (Fig. 3A) . This interaction was also examined by immunofluorescence. We observed co-localization of CD133 and Src by laser confocal scanning (Fig. 3B) . Next, reciprocal co-IP assays in SW620 cells showed that endogenous Src bound to endogenous CD133 under serum starvation culture condition (Fig. 3, C and D) . Consistent with this, CD133 was co-localized with Src in the plasma membrane of SW620 cells under this condition (Fig. 3E) .
Interestingly, serum starvation treatment of SW620 cells showed increased protein level of CD133 (Figs. 1F and 3, C and D). Hypoxic and nutrient-deprived condition could increase the CD133 ϩ cell percentage in hepatocellular carcinoma cells (46) . Further analyses showed that serum starvation treatment increased the mRNA of CD133 in SW620 cells (Fig. 3F ). Flow cytometry analysis showed that CD133 ϩ cell percentage increased from 27.5 to 40% after serum starvation treatment, which suggested a significant enrichment of CD133 ϩ cells under this condition (Fig. 3G) . Altogether, CD133 could interact with Src.
Region CD133 (845) (846) (847) (848) (849) (850) (851) (852) (853) (854) (855) (856) (857) in Cytoplasmic Tail Is Indispensable for CD133 to Interact with Src-CD133 is a pentaspan transmembrane glycoprotein consisting of an N-terminal extracellular domain, five transmembrane domains with two large extracellular loops, two small intracellular loops, and a 59-amino acid cytoplasmic tail ( Fig. 4A) (9) . To define the region of the CD133 domain essential for activation of FAK phosphorylation, systematically truncated CD133 mutants (1-132, 1-181, 1-457, 1-510, and 1-813) with StrepII tag were expressed in HEK293T cells. These truncated mutants were constructed depending on transmembrane features of CD133 . Therefore, C-terminal truncated CD133 mutants 1-813, 1-824, 1-835, 1-845, and 1-857 with StrepII tag were overexpressed in HEK293T cells, respectively. Western blotting analysis showed that truncated mutants lacking region CD133(845-857) could not promote phosphorylation of FAK-Tyr 925 (Fig. 4C ). Our previous finding has proved that region CD133(845-857) in the cytoplasmic tail is indispensable for CD133 activation of FAK phosphorylation (Fig. 4 , B and C). Thus, we next examined whether this region of CD133 was indispensable for the interaction between CD133 and Src. Truncated mutants of CD133 (1-845 and 1-857) or control empty vector with StrepII tag were overexpressed in HEK293T cells. Co-IP with StrepTactin purification showed that only truncated mutant CD133(1-857) has the ability to interact with Src ( Fig. 4D) . Altogether, region CD133(845-857) in the cytoplasmic tail is indispensable for CD133 to interact with Src and to activate FAK phosphorylation.
CD133 Promotes Cell Migration and FAK Phosphorylation Partly Depending on Its Interaction with Src-We next investigated the contribution of the interaction between CD133 and
Src in CD133 promoting cell migration. A wound healing assay was performed in cells expressing wild type CD133 or truncated mutants of CD133 (1-845 and 1-857). Results showed a sig- Interaction between CD133 and Src JULY 22, 2016 • VOLUME 291 • NUMBER 30 nificant decrease of migratory distance in cells with mutant CD133(1-845) expression. Cells expressing wild type CD133 or mutant CD133(1-857) showed similar migratory distance (Fig. 5, A and B) . Accordingly, wild type CD133 and mutant CD133(1-857) expression obviously increased activation of Src (pSrc-Tyr 416 ) and phosphorylation of FAK-Tyr 925 (Fig. 5C ). Based on the report demonstrating that tyrosine phosphorylation usually affords a binding site for Src SH2 domain to activate Src (47), we hypothesized that CD133 may also afford a tyrosine phosphorylation site to activate Src. Therefore, the two known tyrosine phosphorylation site of CD133 (Tyr  828 and  Tyr  852 ) and another tyrosine residue (Tyr 846 ) located in region CD133(845-857) were mutated to phenylalanine (phosphonull mutation), and these mutants were expressed in HEK293T cells, respectively. Only CD133-Y852F reduced Src activation and almost abrogated pFAK-Tyr 925 (Fig. 5D) . Phosphorylation of CD133-Tyr 828 and CD133-Tyr 852 was detectable in HEK293T cells expressing wild type CD133 or its mutants (1-845 and 1-857) (Fig. 5E ). Combined with results in Fig. 3 , we conclude that CD133 promotes cell migration partly depending on its interaction with Src and therefore increases kinase activity of Src. 925 and Cell Migratory Ability Promoted by CD133 Expression-We next determined the contribution of Src in CD133 promotion of cell migration. PP2, a Src family tyrosine kinase inhibitor (48) , was used to treat SW620 cells expressing Lacz or CD133 shRNA under serum starvation condition. First, when compared with the DMSO-treated group (control group), the PP2-treated group showed reduced activation of Src (pSrc-Tyr 416 ), which led to a decrease of pFAK-Tyr 925 . Second, the decrease of pSrc-Tyr 416 and downstream pFAK-Tyr 925 induced by CD133 knockdown were abolished by PP2 treatment (Fig. 6, A and B) . HEK293T cells ectopically expressing CD133 were also treated with PP2. These cells showed a remarkable decrease of pFAK-Tyr 925 (Fig. 6C) . Addition of PP2 had a potent inhibitory effect on CD133-induced FAK phosphorylation and markedly inhibited the cell migration induced by CD133. The effect of PP2 in inhibiting the migratory ability of SW620 cells was determined by wound healing assay and Transwell assay. PP2 treatment resulted in reduced migratory ability of both Lacz and CD133 knockdown cells. Moreover, the difference of cell migration induced by CD133 almost vanished (Fig. 6, D-G) . To explore whether the migratory ability abrogated by PP2 treatment was due to a reduced proliferative ability of cells, we performed PP2 treatment and then tested the proliferative ability of SW620 cells expressing Lacz or CD133 shRNA upon complete culture condition. As shown in Fig. 1C, CD133 knockdown decreased the proliferative ability of SW620 cells under this condition. However, PP2 treatment did not change the reduced proliferative rate in CD133 knockdown cells (Fig. 6H) . In HEK293T cells, PP2 treatment abrogated the increased migratory distance induced by CD133 overexpression (Fig. 6, I and J) . Furthermore, another Src family tyrosine kinase inhibitor, PP1, and the negative control PP3 were used to treat HEK293T cells overexpressing CD133 (49) . Similar to the effect of PP2 treatment, PP1 treatment abrogated the increased migratory distance induced by CD133 overexpression (Fig. 6K) . Altogether, inhibition of Src kinase activity abrogates the phosphorylation of FAKTyr 925 and cell migration induced by interaction between CD133 and Src.
Inhibition of Src Activity Abrogates the Phosphorylation of FAK-Tyr
Discussion
Cancer stem cells expressing CD133 have been reported to exhibit the capacity of aggressive tumor growth (14 -16). CD133 regulates metastatic ability of cancer cells in a variety of tumors (17) (18) (19) (20) . Uncovering the mechanism by which CD133 regulates cell migration will contribute to understanding CD133 ϩ tumor cell metastasis. Here, we used the CD133-positive colorectal cancer cell line SW620 and CD133-negative HEK293T cell line to investigate the mechanism of CD133 in regulating cell migration. First, CD133 knockdown not only decreases activation of Src and FAK but also decreases migration of SW620 cells upon serum starvation culture condition. CD133 ectopic expression increases the cell migration ability and phosphorylation level of FAK-Tyr 925 . Second, in vitro kinase assay proves that CD133 promotes phosphorylation of How does the interaction between CD133 and Src promote cell migration? Activated Src could form complexes with a series of cytoplasmic proteins such as FAK (50 -52) . FAK is critical for focal adhesion complex formation and actin cytoskeleton dynamics (53) . In tumor tissues, FAK is involved in metastasis and progression of hepatocellular carcinoma and thyroid lesions (54 -56) . Our findings proved the relationship between CD133 expression and pFAK-Tyr 925 . Higher migratory capacity and phosphorylation level of FAK-Tyr 925 were detected in HEK293T cells expressing exogenous CD133. CD133 knockdown in SW620 cells significantly reduced Src-FAK signaling pathway activation and cell migration. Thus, CD133 promotes FAK phosphorylation in vivo. Furthermore, CD133 protein showed an obvious synergy effect in promoting Src to phosphorylate FAK, which was proved by in vitro kinase assay. Thus, CD133 promotes FAK phosphorylation in vivo and in vitro. Inhibition of Src activity by PP2 could block the activation of FAK phosphorylation and cell migration induced by CD133 overexpression. Moreover, the region of CD133 interacting with Src is in accordance with the region of CD133 promoting FAK activation and cell migration. Thus, we presume that interaction between CD133 and Src might promote cell migration through activation of FAK.
We also examined the molecular mechanism of the interaction between CD133 and Src. We found that the 13-amino acid region (between amino acids 845 and 857) in the CD133 cytoplasmic tail is critical for its interaction with Src. Tyrosine phosphorylation usually affords a binding site for Src SH2 domain to activate Src (47) An interesting finding was that the interaction with CD133 depends on serum starvation culture condition. Serum starvation increased the CD133 ϩ cell percentage of SW620 cells and promoted CD133 expression at transcription and translation levels. The effect of serum starvation on CD133 modification or expression should be further explored in the future. Furthermore, we also found that CD133 regulated Src and FAK activation and cell migration upon serum starvation condition in SW620 cells. As we know, nutritional deficiency, such as serum deficiency or hypoxia, would stimulate cancer cell metastasis (41, 58) . These phenomena indicate that CD133 ϩ cancer cells are more tolerant of nutritional deficiency condition and that nutritional deficiency condition leads to a changes in intracellular signaling pathways, such as CD133-Src-FAK signaling, upon serum starvation condition that result in increased migratory ability of CD133 ϩ cancer cells. In summary, CD133 interacts with Src affording a binding site for Src to increase its kinase activity. Activation of Src promotes phosphorylation of FAK. Then the activated Src and FAK maybe form complex and interact with downstream substrates to promote actin remodeling and cellular migration as previous report (53, 59, 60) . Our results demonstrate a new mechanism of promoting cell migration by interaction between CD133 and Src. This finding provides clues to understand the highly migratory ability of CD133 ϩ tumor cells.
Experimental Procedures
Reagents and Antibodies-Restriction enzymes were obtained from New England Biolabs (Beverly, MA). PCR reagents and Pfu DNA polymerase were obtained from Takara. Interaction between CD133 and Src JULY 22, 2016 • VOLUME 291 • NUMBER 30 Lentivirus production and infection were performed as described previously (15) . The pLL3.7-shLacz, which contains an shRNA insert that targets ␤-galactosidase, was used for experimental control. The pLL3.7-shCD133, which contains an shRNA insert that targets CD133, was used to knock down the expression of CD133 mRNA. The shRNA sequences were as follows: shLacz, 5Ј-GTGACCAGCGAATACCTGT-3Ј; shCD133, 5Ј-GCTCAGAACTTCATCACAA-3Ј.
Immunoprecipitation and CD133 Protein Purification-The HEK293T cells transfected with CD133 or CD133 truncated mutants were lysed at 4°C for 2 h using lysis buffer (150 mM NaCl, 100 mM Tris (pH 8.0), 0.5% Triton X-100, 1 mM EDTA, protease inhibitor mixture, 1 mM ␤-glycerophosphate, 1 mM Na 3 VO 4 , 1 mM NaF), and then the insoluble materials were removed by centrifugation at 12,000 ϫ g for 10 min. The supernatants of cell lysates were incubated with Strep-Tactin-agarose at 4°C for 12-16 h. After incubation, the agarose was washed three times in lysis buffer to eliminate nonspecific binding proteins. 2.5 mM desthiobiotin was used to elute StrepIItagged CD133 and its truncated mutants. The elution was concentrated to a volume of 20 l using an ultrafiltration tube (Millipore).
To purify CD133 protein, the lysis and incubation processes of HEK293T cells transfected with CD133-StrepII were the same as those described above. After incubation, agarose was washed three times with 2 M NaCl in lysis buffer to eliminate nonspecific binding proteins on agarose and proteins interacting with CD133. Then 2.5 mM desthiobiotin was used to elute CD133-StrepII protein. The elution of CD133 protein was concentrated to a small volume, and desthiobiotin was removed with PBS using an ultrafiltration tube. The purified effect of CD133 protein was determined by Coomassie Blue staining. SW620 cells were lysed in a modified radioimmunoprecipitation assay buffer (150 mM NaCl, 50 mM Tris-HCl (pH 7.4), 2 mM EDTA, 1% Triton X-100, protease inhibitor mixture, 1 mM ␤-glycerophosphate, 1 mM Na 3 VO 4 , 1 mM NaF). Lysates were centrifuged at 12,000 ϫ g for 10 min. The supernatants of cell lysates were cleared by incubation with 25 l of Protein G-agarose (Roche Applied Science) for 1.5 h at 4°C. The precleared supernatant was subjected to IP using the indicated antibodies at 4°C overnight. Antibodies used in IP included mouse monoclonal anti-CD133 (W6B3C1 clone) and rabbit polyclonal antiSrc. The collected protein complexes were washed three times with IP buffer and analyzed by Western blotting.
Western Blotting Analysis-Cells were lysed with 0.5% sodium dodecyl sulfate (SDS) containing 5% mercaptoethanol and 1% protease inhibitor mixture. Western blotting analysis was performed as described previously (15 Immunofluorescence-Cells were grown on coverglasses coated with polylysine, fixed with 4% paraformaldehyde for 40 min at room temperature, washed three times with PBS, and blocked with a PBS-based solution containing 5% normal serum and 0.3% Triton X-100. For HEK293T cells, cells were incubated overnight at 4°C with rabbit anti-Src (1:100). For SW620 cells, cells were incubated overnight at 4°C with rabbit anti-Src (1:100) and mouse monoclonal anti-CD133 (1:40). After being washed three times with PBS for 0.5 h, HEK293T cells were incubated with streptavidin-Alexa Flour 488 (1:400) and donkey anti-rabbit Alexa Fluor 594 IgG (1:800), and SW620 cells were incubated with donkey anti-rabbit Alexa Fluor 488 IgG (1:800) and donkey anti-mouse Alexa Fluor 594 IgG (1:800) for double immunofluorescence staining. Nuclei were counterstained with Hoechst 33258 (10 g/ml). Immunofluorescence images were collected on a Leica TCS SP5 confocal microscope and analyzed using LAS AF software.
In Vitro Kinase Assay-HEK293T cells were lysed in radioimmunoprecipitation assay buffer. Lysates were centrifuged and cleared by incubation with 25 l of Protein G-agarose for 1.5 h at 4°C. The precleared supernatant was subjected to IP using the FAK antibody (Cell Signaling Technology; 1:100) and 20 l of protein G-Agarose at 4°C overnight. The FAK protein collected on protein G-Agarose was washed two times with radioimmunoprecipitation assay buffer and another two times with the buffer used for the phosphorylation reaction (20 mM Hepes⅐NaOH (pH 7.5), 5 mM MgCl 2 , 1 mM DTT, 0.2 mM Na 3 VO 4 ). Then the FAK protein on the protein G-agarose was incubated with 0.5 g of CD133 protein, 0.25 g of recombinant Src protein (Millipore), or both in the phosphorylation reaction buffer described above with 0.1 mM ATP for 1 h at 30°C. The kinase assay was stopped by adding 1% SDS and 10% mercaptoethanol. Proteins were separated by SDS-PAGE and analyzed by Western blotting with antibodies against FAK, StrepII, pFAK-Tyr 397 , pFAK-Tyr 576/577 , pFAK-Tyr 925 , Src, or pSrc-Tyr 416 . Real Time PCR-Total RNA was extracted using TRIzol solution (Invitrogen), and reverse transcription PCR was performed using an Advantage RT-for-PCR kit (Takara) according to the manufacturers' instructions. Real time PCR was performed on triplicate samples in a reaction mixture containing SYBR Green PCR Master Mix (Invitrogen).
Wound Healing Assay-In wound healing assays, cells were digested, and cell suspensions were added to a 6-well plate. The cell monolayers were wounded with a tip when they were 70 -80% confluent. The scratched cells were then rinsed three times with PBS to remove non-adherent cells, and fresh culture medium without FBS was added. The rate of migration was calculated by measuring the distance of cell migration in the same view at 0, 24, and 48 h after scratching.
Transwell Assay-Transwell assays were conducted using Transwell chambers (8 m; Corning Costar Co., Cambridge, MA) according to the manufacturer's instructions. Briefly, cells were trypsinized and resuspended in serum-free medium to a final concentration of 2 ϫ 10 5 /ml, and the cell suspension (200 l) was then pipetted into the top chamber. Medium (600 l) with 10% FBS was added to the lower chamber as a chemoattractant. After 24-h incubation, the cells on the upper side of the membrane were mechanically removed with cotton swabs, and cells that migrated to the lower surface were fixed with 5% glutaraldehyde for 10 min and stained with 1% crystal violet in 2% ethanol for 20 min. The cells were counted in five fields for triplicate chambers.
Detection of Proliferation by Cell Counting Kit 8 -Cell proliferation was detected with Cell Counting Kit 8 (Dojindo) according to the manufacturer's instructions. Briefly, at the end of tests, a mixture of 10 l of the reagent and 90 l of medium was placed in each well of a 96-well plate, the plate was incubated for 2 h, and the absorbance at 450 nm was measured using the Gen5 system (BioTek).
Flow Cytometry-1 ϫ 10 6 cells were collected and washed with 1% BSA in cold PBS two times by centrifugation at 300 ϫ g for 10 min at 4°C. Anti-CD133-PE antibody and mouse IgG-PE isotype control antibody (1:50) were incubated with cells for 15 min on ice in the dark. Samples were analyzed using a FACS apparatus (MoFlo XDP, Beckman Coulter).
Statistical Analysis-Statistical analysis was performed using Microsoft Excel. Comparisons of categorical data were carried out by unpaired two-tailed Student's t test. Data are presented as the mean Ϯ S.D. p values Ͻ0.05 were considered statistically significant.
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